This paper deals with a pulsed biasing technique employed to a downstream expanding thermal plasma. Two pulsed biasing approaches are presented: asymmetric rectangular pulses and modulated pulses with a linear voltage slope during the pulse, and their applicability is discussed on the basis of the intrinsic capacitance of the processed substrate-layer system. The substrate voltage and current waveforms are measured, and the relation to the obtained ion energy distributions is discussed. Accurate control of the ion bombardment is demonstrated for both aforementioned cases, and the cause of broadening of the peaks in the ion energy spectra is determined as well. Moreover, several methods to determine the modulated pulse duration, such that the sloping voltage exactly compensates for the drop of the substrate sheath potential due to charging, are presented and their accuracy is discussed.
I. INTRODUCTION
Remote plasmas are extensively used in industry for both etching and deposition of materials. In both cases an additional bias voltage is often applied to the substrate to control the energy of the bombarding ions and/or enlarge their flux onto the substrate. Ion bombardment has been demonstrated to be crucial for controlling material properties 1 or enhancing etch rate and anisotropy during ion induced etching. 2 For conductive substrates, a dc bias can be employed and ions bombard the substrate with a welldefined energy. However, when insulating substrates are being processed, charge is quickly build up on the surface, reducing the flux and energy of bombarding ions. To remedy this "surface charging effect," a radio frequency ͑rf͒ bias is typically used, but its capability to control the energy of the bombarding ions is limited for physical reasons. The ion sheath transit time is usually shorter than the rf period, and ions respond to the instantaneous sheath voltage. Thus, their final energies depend strongly on the phase of the rf cycle in which they enter the sheath, resulting in a bimodal ion energy distribution ͑IED͒. 3, 4 Although increasing the frequency seems to be the way of narrowing the IED, 5 this approach suffers from the following limitations. The width of IED becomes significantly mass dependent for high bias frequencies, and as a result the IED remains bimodal for low mass ions often produced in processing plasmas. Moreover, at frequencies where the rf wavelength is comparable to the substrate dimensions, voltage nonuniformities across the substrate surface can be induced, 6 leading to process nonuniformities.
Recently, a pulsed bias scheme became subject of increased interest as a promising technique to reach narrow, almost monoenergetic IED when a dielectric substrate is being processed. In addition it offers an ultimate control of the ion flux onto the substrate by varying the duty cycle ͑defined as the ratio of pulse duration to the total period of the pulse͒. Earlier literature refers to an asymmetric rectangular pulsed bias, where the charging effect is minimized by shortening the pulse duration. [7] [8] [9] Nevertheless, for a few microseconds lasting pulses, a displacement current, naturally present after the pulse start and end, becomes a limiting factor because it physically limits the possibility of the substrate voltage and current control. 8 To overcome these limitations, Wang and Wendt 10 introduced a modulated pulsed approach, where the voltage during the pulse is sloped and thus exactly compensates for the drop of voltage due to the charging of the substrate being processed. This paper focuses on two cases of using pulsed biasing which are dramatically different due to an intrinsic capacitance of the substrate-thin film system. Each of them benefits from one of the aforementioned pulsed bias approaches. The intrinsic capacitance is defined as C i = 0 r / d, where 0 , r , and d are the permittivity of free space, the relative permittivity, and the insulator thickness, respectively. When an insulator, exposed to the plasma from one side and biased from the other, is treated as two parallel plates of a planar capacitor, a simple equation for the voltage drop across the dielectric due to the charging can be derived:
where J s stands for the substrate current density. Note that the charging effect has been similarly treated for rf cycles in Ref. 11 and for asymmetric pulses in Ref. 7 .
To illustrate the first case, let us assume a deposition of 1 m of SiO 2 film on a c-Si wafer using an expanding thermal plasma ͑ETP͒ ͑discussed hereafter͒ with a substrate current density of J s =1 mA/ cm 2 . In this worst case scenario ͑J s is during the deposition realistically about ten times lower and the deposited layer is usually thinner than 1 m͒ Eq. ͑1͒ leads to a voltage drop at the substrate surface of 3 V within 10 s pulse duration. In this example, the drop of voltage does not need to be compensated because during the whole 10 s pulse, the substrate sheath potential, the primary factor that determines the distribution of ions bombarding the substrate, would be sufficiently stationary, resulting in an IED that would be adequately narrow. Therefore, in this case rectangular asymmetric pulses can still be used. Whereupon the second case, the deposition of a material on a standard glass substrate 0.5 mm thick, under the conditions mentioned above, one gets a severe charging effect. Equation ͑1͒ leads to a voltage drop of 150 V within a 1 s pulse duration, which is too high and even for shorter pulses the voltage during the pulse should be increased in order to keep the substrate sheath potential constant. Otherwise, without sloping of the bias voltage, the substrate sheath potential would linearly decrease in time, resulting in a broad IED.
Recently, the pulsed bias has been successfully employed to an ETP to enhance deposited film properties [12] [13] [14] and ion induced etching. 15 Several theoretical studies on pulsed biasing published so far present mostly IEDs modeled on the basis of mentioned model ͓Eq. ͑1͔͒ ͑Ref. 8͒ or on the sheath voltage measurement. 10 The directly measured IEDs for asymmetric rectangular pulses have been published by Barnat and Lu. 9 This paper reports on measurements using a retarding field energy analyzer ͑RFEA͒ to characterize the ion bombardment on pulse biased substrates. A direct measurement of the IED was not possible when the ion bombardment on a dielectric substrate was studied, and therefore only modeled IEDs, based on accurate substrate voltage and current measurement, are presented and discussed.
II. EXPERIMENTAL DETAILS
All experiments were performed in an ETP reactor which is duly described in Refs. 16 and 17 and schematically depicted in Fig. 1 . Briefly, the plasma is generated by an argon-fed subatmospheric pressure cascaded arc and then supersonically expands into a low pressure ͑10-100 Pa͒ deposition chamber. Hydrogen is injected directly into the cascaded arc's nozzle, resulting in a cooling and quenching of emanating argon plasma mainly through Ar + +H 2 collisions. 18 More details on chemistry and transporting phenomena in the Ar/ H 2 expanding plasmas can be found in Ref. 19 . During experiments, 50 standard cubic centimeters per second ͑sccs͒ of argon flow and 2 sccs of hydrogen were employed, and the pressure in the deposition chamber was kept constant at 18 Pa.
A homemade pulsed power supply capable to operate in a frequency range of 1-210 kHz was directly coupled to a chuck on which a substrate holder or the RFEA was clamped. The pulsed power supply generates rectangular asymmetric pulses with variable voltage level during on pulse, V 1 = −10 to Ϫ300 V, and during off pulse, V off = −12 to +5 V, and can deliver dc and peak current up to 200 mA and ϳ2 A, respectively. Pulse duration t 1 , as well as an off pulse duration t off , is variable from ϳ2.3 to ϳ500 s. As an option, the mentioned rectangular pulses can be combined with triangular pulses, i.e., the voltage during the pulse operation is sloped ͑see Fig. 2͒ . The maximum of the voltage drop during the sloped pulse is fixed to V slope = 100 V, and the duration of a negative slope after the pulse end is variable in two steps, t −s = 2 and 20 s. Available shapes of the pulse with dimensioned quantities are depicted in Fig. 2 . Note that this pulsed power supply has been designed in house with respect to industrial requirements as a more cost-effective and more robust substitute for the usually used waveform generator and broadband amplifier. 10, [12] [13] [14] [15] The substrate current I s and substrate voltage V s were simultaneously measured by means of a Tektronix TCP312 current probe and a Tektronix 1/100 passive voltage probe, respectively. An extra wire loop, required for substrate current measurement and used to feed the bias voltage to the substrate as well ͑see Fig. 3͒ ͑schematically depicted in Fig. 3͒ , with matching circuits incorporated in the substrate holder, has been implemented in order to make simultaneous monitoring of both the substrate current and the substrate voltage possible. The achieved correspondence of the pulsed power supply output voltage V out with the measured substrate voltage V s is better than 97% within the frequency bandwidth of up to 30 MHz. Two types of dummy substrates were used: a tungsten plate of 25 cm 2 and a, on both sides, gold plated alumina substrate of 6.45 cm 2 , 0.5 mm thick with a capacitance of 166 pF to mimic a conductive and a dielectric substrate, respectively. Figure 3 shows the setup with the mounted dielectric dummy substrate when, in contrast with the conductive substrate, an additional voltage at the substrate surface, V front , was measured. Due to the mentioned equality of V out with V s , waveforms for I s , V s ͑V out ͒, and V front could be simultaneously measured even when a dielectric substrate is used.
The commercial planar gridded RFEA ͑Semion system 20 ͒ was used to measure time-averaged energy distributions of ions bombarding the pulse biased substrate, placed at a distance of 55 cm from the arc nozzle from which the plasma emanates. The sensor, as well as an acquisition unit, has been customized in order to allow time-averaged measurement under low and mid frequencies of the pulsed bias voltage applied. A detailed description of RFEA principle can be found in Ref. 21 . As the sensor is compact ͑0.6 mm thick͒ a pumping of the sensor is not needed under the pressure range of interest since the mean free path = 2.8 mm is greater than the distance traveled by the ions within the sensor. The mean free path was calculated for neutral-neutral momentum transfer collisions with the ideal gas approach using Sutherland's law ͑Ar, p = 18 Pa, T = 500 K͒ and is comparable to a mean free path measured under similar conditions and presented in Ref. 22 . Moreover, the obtained ion energy distributions did not show artifacts, such as a significant fraction of ions with "negative" energy, expected when collisions within the sensor would play a significant role. The electron temperature T e and the ion density n i were measured by means of a double Langmuir probe in the vicinity of the substrate in the center of the reactor. The theory described by Peterson and Talbot 23 was used to process the obtained I-V characteristics. An effective ion mass of 3 amu was used in the analysis related to the fact that the most abundant ion impinging the substrate under these conditions is H 3 + . Figure 4 shows the typical substrate voltage V s and the substrate current density J s waveforms of a directly coupled asymmetric rectangular pulsed bias for a pulse voltage V 1 = −100 V, a pulsed frequency of 195 kHz, and a duty cycle of 50%. The voltage during the off pulse V off was set in such a way that the resulting substrate current during the off pulse was zero, i.e., equal to the floating potential ͑V off ϳ V f = −2 V͒. Waveforms for different frequencies are principally similar and hence, all further argumentation is applicable to them too.
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III. RESULTS AND DISCUSSION
A. Substrate voltage and current waveforms
The pulsing of the substrate potential causes an expected temporal independence of the substrate ion flux on the substrate voltage due to a displacement current. This independence is associated with the restructuring of the sheath at the beginning and at the end of the pulse to the steady-state conditions. When the pulse starts, the electrons are instantaneously repelled from the biased electrode, which leads to a temporal excess of ions within the sheath. These ions are drained to the electrode, resulting in a displacement current. When the sheath approaches equilibrium, the displacement current decays and the ion current is henceforth the steadystate conduction current ͑the so-called Bohm current͒. Likewise, when the electrode is pulsed back from a large negative potential to a lower value, the electrons instantaneously flow from the plasma into the sheath because of the reduced field across the sheath. Excess of electrons within the sheath tem- porarily reduces the electrode current, and the ions have to "fill in" this region until equilibrium is again established, as has been modeled by Barnat and Lu. 8 In order to quantitatively compare the measured displacement current with theory, it will be useful to define a time to establish the steady-state Child law sheath. 25 This time is approximately equal to
. ͑2͒
Here, V 0 is the voltage variation of the electrode, pi = ͱ ͑e 2 n 0 ͒ / ͑ 0 M͒ is the ion plasma frequency, n 0 is the bulk ion plasma density, e is the elementary charge, 0 is the permittivity of free space, and M is the ion mass. Further, we assume that the rise time of the voltage pulse is significantly shorter than the time to establish the steady-state Child law sheath, t c . As both the rise and fall times of the pulses are approximately 25 ns, this assumption is satisfied in the present case. Substituting the electron temperature of about 0.15 eV, bulk ion density of 2 ϫ 10 16 m −3 ͑measured by means of the double Langmuir probe͒, H 3 + as the predominant ion, and a 100 V voltage drop, Eq. ͑2͒ leads to a sheath recovery time of ϳ300 ns, which is in good agreement with the decay time of the current peak measured after the pulse start ͑see Fig. 4͒ . As can be seen in Fig. 4 , the substrate current reaches a positive value right after the pulse ends, although only a drop of current would be expected according to the previous explanation. This feature is connected to an overshooting of the substrate voltage, visible after the pulse ends, to a positive value with respect to the floating potential ͑see Fig. 4͒ . This means that due to the absence of a retarding field, electrons can freely move to the electrode and constitute the electron current until the ions establish the equilibrium.
B. Control of IED: Conductive substrate
As it has been mentioned, the rectangular asymmetric pulses can be used to bias a conductive substrate even when a dielectric layer is being deposited on it. The influence of the shape of the asymmetric rectangular pulse voltage on the energy of bombarding ions was measured, and the IEDs and the corresponding substrate voltage waveforms are depicted in Figs. 5-7. Figure 5 shows the effect of pulse voltage variation V 1 = −30 and Ϫ100 V for a pulse frequency of 195 kHz and a duty cycle of 50%. The voltage during the off pulse V off was kept at the floating potential, i.e., V off ϳ V f = −2 V. Energy distribution function of ions bombarding the unbiased electrode under the same ETP conditions is depicted for comparison. Generally, the distributions with two peaks are expected due to time averaging and alternating of the substrate voltage between two voltage levels. As the energy which ions gain due to the bias voltage V b is equal to e͑V p − V b ͒, where V p Ϸ 0.2 V is the plasma potential ͑estimated from the measured IEDs͒, the high energy and low energy peaks approxi- mately match with the applied V 1 and the V off voltages, respectively. The effect of V off variation for the same pulsed frequency and duty cycle is shown in Fig. 6 , and the correspondence of the V off voltage with the position of low energy peak of the IEDs is obvious. The integral intensity of the low peaks is then given by the overall ion current, collected on the substrate during off pulse, which depends mainly on the difference between the floating potential and the applied V off voltage. It is well known that the ion current as a function of electrode potential starts decaying exponentially in the vicinity of the floating potential as a result of increasing potential barrier for ions. Therefore, the integral intensity of low energy peaks decreases when the V off increases and the peak even disappears for V off markedly higher than the floating potential. It means that the ion flux is suppressed and the electron current is predominantly collected on the substrate, leading to the monoenergetic IED ͓see Fig. 6͑b͔͒ . It should be noted that V off can be effectively used to control the substrate sheath potential during off pulse only in the situation when a conductive material is being processed. For insulating substrates the charge accumulated on the substrate surface during the pulse has to be discharged at the beginning of the off pulse after which the substrate sheath potential reaches the floating potential despite the V off setting. Figure 7 shows the time-averaged ion energy distributions obtained for the pulse voltage V 1 = −100 V, a frequency of 70 kHz, and various duty cycles. The voltage during rest period, V off , was again kept at the floating potential. As expected, the IED obtained for the 80% duty cycle approaches a monoenergetic distribution, while the low energy peak of the distribution measured for the 20% duty cycle is more pronounced than its high energy peak as a natural consequence of the time averaging during RFEA measurement. In principle similar ion energy spectra would be obtained for all frequencies of the pulsed power supply's frequency range. Only for long pulses the drop of potential across the dielectric due to its charging should be taken into account when a conductive substrate with dielectric layer is biased ͓see Eq. ͑1͔͒.
Broadening of IED
There are several physical reasons causing a broadening of the ion energy distribution. The most important are the substrate sheath potential variation, thermalization of ions due to the collisions in the sheath, and last but not least the influence of the ion sheath transition time. Apart from this, the broadening as a consequence of the scattering of ions on the RFEA's grids or due to collisions within the sensor can play a role. As it has been noted above, the effect of collisions within the sensor is regarded as insignificant, and the predominant measurement error is given by the used fivepoint derivative method in calculating the IED curves from the measured collector current. Our estimation leads to a 2 eV broadening at full width at half maximum of the ion peaks as an artifact of the measurement, which is negligible with respect to the measured broadening. The sheath transition time of ions becomes important for higher frequencies 9 and hence, only the first two aforementioned physical reasons will be important for our discussion.
Except for the drop of substrate sheath voltage due to the charging which is discussed below, the substrate sheath potential can slightly vary in time mainly due to the applied pulsed voltage instabilities. These instabilities, which can cause peak broadening, are hardly visible from the voltage waveforms and therefore, to highlight their importance, it will be worth to use the measured substrate voltage and current waveforms to model the IEDs. Normalized ion energy distributions N͑͒, taking into account the measured substrate voltage V s ͑t͒, and the substrate ion current density J is ͑t͒ can be obtained by calculating normalized integrals over the whole pulsed period T of the filter function F͑t , ͒ equal to J is ͑t͒ for ions possessing energies between e͓V s ͑t͒ Ϯ⌬V / 2͔ and zero for the rest of energies:
The ion substrate current density J is is then calculated from the measured substrate current density J s using the Langmuir probe theory for a flat electrode:
where J e ‫ء‬ is the saturated electron current density, V p Ϸ 0.2 V is the plasma potential with respect to the ground potential, and k is the Boltzmann constant. The normalized distributions N͑͒ calculated for a pulse frequency of 195 kHz, a duty cycle of 50%, and the pulse voltages V 1 =−30 and Ϫ100 V are depicted in Fig. 8 ͑top͒ and show a good agreement with the measured IEDs ͓Fig. 8 ͑bottom͔͒. This approach can also be used as a reliable alternative for the experimentally measured IED when the measurement is difficult or if just an estimation of the shape of the IED suffices. The IED obtained for V 1 = −100 V exhibits a slightly greater broadening of the high energy peak compared to the distribution measured under the same condition for V 1 = −30 V ͓see Fig. 8 ͑bottom͔͒. The high energy peaks reveal a "shoulder," which suggests scattering losses of the ion energy due to collisions within the sheath. The model treating the broadening of the IED due to collisions in the sheath has been introduced by Davis and Vanderslice, 26 taking into account an average number of collisions that ions undergo within the sheath, L / i , i.e., the sheath thickness divided by the ion mean free path. Considering the collisionless Child law sheath, the corresponding sheath thicknesses L are 1.95 ͑the measured steady-state substrate current density during the pulse J s st = 0.135 mA/ cm 2 ͒ and 4.16 mm ͑J s st = 0.18 mA/ cm 2 ͒ for pulse voltages of Ϫ30 and Ϫ100 V, respectively. Since i Ϸ = 2.8 mm under the condition of interest, the ratio L / i reaches approximately values of 0.7 and 1.5 for V 1 = −30 and Ϫ100 V, respectively. Davis and Vanderslice's distribution is prescribed as a parametric function of L / i as
where V c is the voltage applied to the electrode with respect to the plasma potential ͑sheath voltage͒. Calculated distributions corresponding to L / i = 0.7 and 1.5 are depicted in Fig.  8 ͑top͒ and qualitatively reveal the influence of collisions on the peak broadening. Note that only fractions of 50% for V 1 = −30 V and 22% for V 1 = −100 V of the ions reach the electrode with the maximum energy and the rest constitutes the shoulder of the high energy peak of the distribution ͓see Fig. 8 ͑bottom͔͒.
In comparing the modeled ion energy distributions N͑͒ and N DV ͑͒ with the experimentally measured IEDs, the predominance of broadening of the peaks due to collisions is obvious as well as that broadening caused by the small applied voltage variation is not negligible.
C. Control of IED: Dielectric substrate
It has been described that the use of a dielectric substrate leads to a fast drop of substrate sheath potential due to the charging. To demonstrate this, Fig. 9 shows simultaneously the behavior of the substrate current density J s , the applied substrate bias voltage V out , and the voltage measured at the substrate surface V front for the rectangular pulses ͑left panel͒ and for the pulses with linear voltage slope ͑right panel͒. As the contribution of the plasma potential to the overall substrate sheath potential is negligible in our case ͑V p Ϸ 0.2 V͒, V front will be considered as the substrate sheath potential henceforth. We would like to emphasize that the substrate sheath potential V front is the result of the capacitive coupling of V out voltage through the dielectric substrate. Consequently, the substrate current collected over the whole period has to be equal to zero, and the substrate sheath potential during the off pulse reaches the floating potential after the accumulated charge is fully discharged, as it can be seen in Fig. 9 .
When rectangular pulses are used, the dielectric substrate is being charged and consequently V front decreases until it reaches the floating potential at a time t z after the pulse starts ͓see Fig. 9͑a͔͒ . Considering that the drop of V front obeys Eq. ͑1͒, understanding the behavior of J s as a function of time and instantaneous substrate sheath potential ͓J s = J s ͑t , V front ͔͒ is crucial. After the start of the pulse, the displacement current charges the dielectric, causing a fast drop of the substrate sheath potential. Thereupon, the conductive substrate current governs the charging, and the drop of voltage obeys a mutual relation between the substrate current density J s and the substrate sheath potential V front . Assuming that J s is a linear function of V front for V front Ӷ V f , caused by the enlargement of the active area of the substrate with rising substrate sheath potential 27 ͑see also Fig. 2 in Ref. 7͒, Eq. ͑1͒ leads to a quadratic drop of V front with time. V front starts dropping more rapidly when it approaches the floating potential as the substrate current becomes affected by the electron current, and V front lastly stabilizes at the floating potential.
When the voltage during the pulse is linearly sloped ͑V slope = 100 V͒ and the pulse duration t 1 is set in such a way that the slope exactly compensates for the drop of the substrate sheath potential caused by charging, V front approaches a rectangular shape, as can be seen in Fig. 9͑b͒ . V front during the pulse is not entirely flat due to both the displacement current and the aforementioned dependence of the substrate current on the substrate sheath voltage. Especially the displacement current leads to a fast substrate sheath potential drop, evident right after the pulse start, which is the main reason for the discrepancy between the value of V front during the pulse with the preset pulse voltage V 1 ͑neglecting V off as V off Ϸ V f ͒, cf. Fig. 9͑b͒ , when V 1 = −100 V and the resulting V front during the pulse is ϳ−80 V. After the end of the pulse, the negative linear slope pulls the substrate sheath voltage to a slightly positive potential with respect to the floating potential, resulting in an electron current driven discharging of the accumulated charge. Potentially high values of the electron current can be lowered down by a slower negative sloping of the bias voltage, i.e., prolongation of t −s , in the case that the exposure of the substrate to a high electron current might be unwanted due to the sensitivity of the processed material. Note that until the accumulated charge is fully discharged the electrons are predominantly collected on the substrate. Consequently, the ion energy distribution, when the next pulse starts right after the negative slope, will be monoenergetic, similar to the distribution depicted in Fig. 6͑b͒ ͑solid line͒.
The modeled ion energy distributions for both presented cases of using dielectric substrate are depicted in Fig. 10 . As expected, the fast drop of the substrate sheath potential when the rectangular pulses are used leads to a very broad IED, while the distribution for pulses containing a linear voltage slope clearly reveals a narrow distribution.
Estimation of the pulse duration
It is obvious from Secs. III B and III C that an accurate determination of t z , the pulse duration leading to the rectangular waveform of V front , is important to keep the energy of bombarding ions within narrow boundaries. Although the direct observation of the V front behavior is the most accurate way of the t z determination, such measurement can be experimentally difficult or even impossible, for instance, during the film deposition. Then other methods have to be used.
Experimental estimation of t z can be done from the substrate current response to the rectangular pulse with the pulse voltage equal to the maximum of the voltage slope ͑V 1 = V slope ͒. Then t z is the time for which the substrate current reaches zero ͓illustrated in Fig. 9͑a͔͒ . The advantage of this method is that it can be easily implemented into the dedicated pulsed power supply as a feedback, allowing the automatic control of the V front voltage. Such a feature is useful when the intrinsic capacitance of the substrate significantly changes during its processing ͑deposition of a thick film or fast etching of a large area of the substrate͒. Knowing the substrate current density J s and the intrinsic capacitance C i , the duration of the pulse t z can also be calculated from the following equation: The waveforms for the substrate current density J s ͑top͒, the applied pulsed voltage V out ͑middle͒, and the resulting substrate sheath voltage V front ͑bottom͒ simultaneously measured on the dielectric dummy substrate for the rectangular pulses ͑a͒ and for the pulses with the linear slope ͑b͒.
assuming that the pulse starts at t =0. The mentioned methods have been used to determine the pulse length t z for the case of the previously used dielectric dummy substrate in order to assess their accuracy. The pulse length t z determined from the current response is equal to 12.5 s, use of Eq. ͑7͒ leading to a pulse duration of 12.2 s, while the best value set manually according to the V front shape was 12 s ͑depicted in Fig. 9͒ . Even considering the high sensitivity of the resulting V front shape on the preset t 1 = t z , both mentioned methods lead to reasonably accurate results, i.e., the resulting IED will be narrow. It is worth mentioning that the calculation using Eq. ͑7͒ can be simplified for long pulses, where the overall contribution of the displacement current to the actual substrate current is negligible. Then a steady-state value of the substrate current density during the pulse J s st ͉ V 1 can be used instead of the integration of the J s ͑t͒. Such simplification leads to the pulse length of t z = 13.5 s for the presented case, which is too inaccurate. V front waveforms together with the resulting normalized ion energy distributions N͑͒ for pulse duration of t z = 12 and 13.5 s are depicted in Fig. 11 to show distortion of the IED caused by inaccurate setting of the pulse duration t z . Besides the obvious sensitivity of the IED shape on the preset pulse length, the results also highlight the importance of the accurate substrate current measurement, as it is essential for the proper determination of the t z by any method.
IV. CONCLUSIONS
It has been shown that the pulsed biasing of a dielectric substrate and a conductive substrate with a dielectric layer on it has to be established by different pulsed biasing approaches due to their intrinsic capacitance. Asymmetric rectangular pulses suffice for the biasing of a conductive substrate with a dielectric layer on it, as the charging effect is not too significant. On the other hand, the modulated pulses with a voltage slope during the pulse should be used when a dielectric substrate is processed. A setup for simultaneous monitoring of the pulsed power supply output voltage, the substrate voltage, and the substrate current has been developed. Ion energy distributions are shown for both aforementioned cases in order to demonstrate capabilities of the dedicated power supply to manipulate the ion energy and their flux onto the substrate and discussed on the basis of the obtained substrate voltage and current waveforms. Ion energy spectra are also compared to Davis-Vanderslice's model in order to quantify the broadening of the peaks due to the collisions of ions within the sheath. Several methods to determine the modulated pulse duration, such that the sloping voltage exactly compensates for the drop of the substrate sheath potential due to charging, have been presented and their accuracy discussed.
